Abstract: A wavelength tunable V-cavity laser (VCL) employing integrated thin-film heaters is reported. The laser is fabricated by a simple process with no grating or bandgap engineering. A single-electrode-controlled wavelength tuning of 32 channels is achieved by experiment, with a tuning efficiency of 0.13 nm/mW, which is about 1.5 times higher than that of the current injection based thermal tuning. By combining four singleelectrode controlled tunings with different bias currents, we obtain 51 wavelength channels covering 43 nm. Well-open eye diagrams with extinction ratios above 6.6 dB are obtained in all channels under direct modulation at 2.5 Gbps. The power penalty over a 25-km fiber transmission is less than 0.3 dB. Clearly open eye diagrams with bit error rates (BERs) below 10 À12 are also obtained at 5 and 8.5 Gbps after a 10-km single-mode fiber transmission.
Introduction
Wavelength tunable laser diodes have wide applications in optical fiber communication systems and sensing. For laser sources in wavelength division multiplexing (WDM) based passive optical networks (PON) and data center interconnects, characteristics such as low cost, high compactness and energy efficiency are highly required. Over the past decades, many types of monolithic tunable lasers have been developed for long-haul optical transmission. The grating based lasers are mostly used, such as distributed feedback (DFB) laser array [1] ; sampled grating (SG) distributed Bragg reflector (DBR) lasers [2] - [4] ; digital supermode (DS) DBR lasers [5] , [6] ; and tunable distributed amplification (TDA) DFB lasers [7] , [8] . However, the complicated fabrication process and sophisticated packaging makes them expensive and limits their deployment in the access network. The vertical cavity surface emitting laser (VCSEL) tuned by microelectro-mechanical system (MEMS) is a possible solution for low-cost applications, but the output power is low and wavelength switching time is relatively long, and it cannot be integrated with other components such as modulators and amplifiers.
Among the variety of tunable semiconductor lasers reported in the literature, the V-cavity laser (VCL) has the advantage of simple fabrication process, easy control algorithm, and high compactness [9] - [11] . In the previously reported VCLs, the wavelength is tuned by varying the current injected into the active tuning section. Due to the free-carrier plasma effect, the refractive index decreases with increasing injected carrier density [12] , [13] . On the other hand, the waveguide is heated by free carrier absorption and Joule-heating due to series and contact resistance [14] , [15] , resulting in the increase of the refractive index due to thermo-optic effect. The counteract of these two effects [11] leads to high tuning current (up to 120 mA) and high power dissipation. Recently, carrier-plasma induced wavelength tuning of 32-channels in VCL has been implemented by quantum-well intermixed (QWI) tuning section [16] , with tuning current less than 40 mA. Yet, the QWI requires an additional processing step which is not trivial.
An alternative solution is to employ an on-chip thin-film resistor on part of the waveguide as a heater, so that only thermo-optic effect is responsible for tuning. Such an on-chip heater has been used in DFB lasers [17] , [18] , DBR lasers [19] , [20] and lasers integrated with micro-rings [21] - [24] . In this paper, we present a thermally tuned VCL with on-chip heaters and report its experimental performance of wavelength tuning and direct modulation from 2.5 Gbps to 10 Gbps.
2. Device Structure, Fabrication, and Operating Principle Fig. 1(a) shows the top-view microscope photograph of the VCL integrated with thin-film heaters. Similar to the VCLs descried in [9] , it comprises two all-active Fabry-Perot cavities and a specially designed reflective half-wave coupler. The gain electrode covers the ridge waveguide of the whole laser. The length of the short cavity is designed to be 450 m to match the resonant wavelength interval with 100 GHz channel spacing of the ITU-T grid, and the other cavity is 5% longer to achieve a large free spectral range (FSR) of about 20 channels using the Vernier effect. Two striped thin-film resisters with lengths equal to 40% ð$ 200 mÞ of the respective cavity length are laid on top of the two waveguides, with two electrode pads at the ends of each stripe. The SEM picture of the integrated thin-film heater is shown in Fig. 1(b) .To increase the reflectivity, the etched facets on the coupler side and the short cavity side are coated with a thin Ti/Au film after passivation. Behind each of these two mirrors which still have a few percent transmission, a photodiode (PD) is placed for power monitoring and potential on-wafer testing. The chip size is only about 600 m Â 400 m.
The heater integrated VCL is fabricated in InGaAsP/InP multiple quantum well (MQW) structure, which is detailed in [10] . The width and height of the waveguide is 3 m and 1.5 m, respectively. The patterns are defined by ultraviolet lithography, and no grating fabrication or epitaxial regrowth is involved. Firstly, an ohmic contact layer made of Ti/Pt is deposited on all ridge waveguide area of the laser, including the monitoring PDs. After the ridge etching and deep etching for the facets, a silica layer is deposited, and a window is open on the ridge outside the heaters to expose the contact metal. Ti/Au thin-film heaters are patterned on the silica film which electrically isolates the heaters from the contact metal. The thickness of the silica isolation layer is about 300 nm. In the same procedure, the Ti/Au film is deposited for the heater and for the two high-reflectivity mirrors on the etched facets. Next, the electrode pads with a thicker layer of gold are made. Finally, the common ground electrode for the laser and the PDs is deposited on the backside of the chip after thinning and polishing, followed by a rapid thermal annealing (RTA) process. The resistance of the heater is 40 . Compared to the VCLs processed with steps of passivation and high-reflectivity mirrors, this heater version adds no extra procedure in fabrication.
In operation, the gain electrode provides current injection for the whole VCL through the contact metal, and the heaters are used for wavelength tuning. When current is injected in one of the heaters, the generated Joule-heat is conducted to the waveguide and changes its refractive index by thermo-optic effect. This shifts the resonant peaks of the cavity and causes the output wavelength of the laser to be tuned by an amplified amount due to the Vernier effect, e.g., 20 times of the cavity mode shift for 5% cavity length difference, similar to the VCLs tuned by a large current injection into the waveguide.
Experimental Results and Discussions
We tested the laser which was mounted on an aluminum nitride(AlN) carrier with a thermoelectric cooler (TEC) controlled at 25°C. Fig. 2(a) shows the LIV curve when no current was injected in the heaters. The series resistance is about 5.7 ohm. The laser reaches its threshold when the gain electrode is biased at about 40 mA. Under 100 mA bias of the laser, the output power measured by a large-aperture PD is 12.9 mW, and the slope efficiency is 0.21 W/A. With injected current above 50 mA, the laser operates under single-mode condition with good side mode suppression ratio (SMSR). Mode hop occurs some times in the static LIV measurement because of unbalanced heating of the two cavities by the injected current due to the asymmetrical geometry. Under high-speed intensity modulation, the mode hop is not observed since the slow thermal effect cannot respond to the modulation signal. By adjusting the currents in the long-cavity and short-cavity heaters, we can tune the lasing wavelength with high SMSR. Fig. 2(b) gives a typical lasing spectrum of the VCL, with an SMSR above 41 dB. Fig. 3(a) shows the wavelength of the laser as a function of tuning current injected in the long-cavity heater. During this tuning, the currents in the gain electrode and short-cavity heater are biased at 84 mA and 24 mA, respectively. When the tuning current increases from 0 to 70 mA, the lasing channel moves towards longer wavelength. The gain peak also shifts to longer wavelength since the chip temperature increases with tuning current, thus expanding the tuning range beyond the FSR limit. Discrete wavelength tuning of 32 channels from 1562 nm to 1590 nm is obtained, with a uniform channel spacing of about 0.85 nm. To accurately match the channel spacing to 100 GHz ITU-T grid, the cavity length needs to be adjusted in the future version, and fine tuning can be performed using the heater electrode on the short cavity. Fig. 3(b) shows the superimposed spectra of the 32-channel wavelength tuning, measured using a multimode fiber connected to an optical spectrum analyzer. The output power was normalized to the value measured by a large-aperture photodiode. The SMSRs are above 35 dB for most of the channels. The output power decreases from 10 dBm at the short wavelength channel to 1.5 dBm at the long wavelength channel, due to the increasing temperature. The power variation can be reduced by changing the bias currents on the gain electrode and the short cavity heater for different wavelength bands, as we will show later.
When the short-cavity heater is used for tuning, the channel is tuned towards shorter wavelength as the current increases. Since the gain spectrum of the material moves to the longer wavelength with increasing current, the tuning range by the short-cavity heater is reduced to only 13 channels, much less than the FSR. Therefore, it is more advantageous to use the longcavity heater as the main tuning element. The short-cavity heater together with the gain current, can be used to fine-tune the lasing wavelength to the ITU grid and to provide appropriate bias to reduce the power variation during the wavelength tuning. Fig. 4 (a) gives 4 single-electrode controlled tuning curves corresponding to different biases in the gain electrode and short-cavity heater, as shown in Table 1 . The TEC is fixed at 25°C. In each wavelength range, only the current in the long-cavity heater is tuned. A total tuning range of 51 channels from 1557.6 nm to 1601 nm is obtained by this method. The SMSRs are above 35 dB for most channels. The overlapped spectra are shown in Fig. 4(b) . Since the laser chip was not packaged for this measurement, the variation in fiber coupling contributed to the power variation from channel to channel. However, it can be seen that the power variation from the short wavelength end to the long wavelength end is reduced by changing the bias currents, as compared to the case of Fig. 3(b) .
In order to investigate the power efficiency of the heater tuning, we calculated the linear fitting of the tuning wavelength in Fig. 3(a) as a function of long-cavity heater power, as shown in Fig. 5 . The measured data fits well with a straight line, of which the slope indicates the power efficiency of 0.13 nm/mW for the heater tuning. For comparison, the power efficiency of current injection tuning for the previous reported VCL is calculated to be 0.09 nm/mW. This shows the advantage of the heater tuned VCL in higher power efficiency.
For dynamic experiments, we packaged the chip in the transmitter optical subassembly (TOSA) so that the performance is more stabilized. The light coupled into the fiber of the TOSA is about 30% of the chip output power, which is to be increased by improved packaging. Since the cooling efficiency is higher after packaging, the tuning characteristics of the laser are somewhat different from the bare chip. The single-electrode tuning range for the TOSA is 18 channels, which is limited by the FSR since the gain spectrum shifts little due to better chip temperature stability. The output power decreases 1 dB from the short wavelength channel to the long wavelength channel but much more smoothly from channel to channel. To obtain larger single-electrode tuning range, the TEC temperature needs to be increased simultaneously with the tuning current on the long-cavity heater. By changing the TEC temperature in three steps, 18°C, 31°C, and 45°C, and adjusting the current injected in the gain electrode and heaters, we TABLE 1 Wavelength tuning ranges with different bias currents on the gain electrode and the short-cavity heater obtain a total wavelength tuning of 33 channels from 1548.5 nm to 1573.3 nm, with SMSRs higher than 35 dB. The small signal frequency response is shown in Fig. 6 . The 3 dB bandwidth is about 6 GHz. Some response dips are observed due to imperfect packaging and driving circuit.
In previously reported current injection tuned VCL without QWI, all three electrodes provide gain while the modulation signal is supplied only to the coupler electrode. Since the output power is emitted from the branch waveguide which is injected the tuning current, there is a high amplified spontaneous emission noise which limits the extinction ratio. The extinction ratio of about 5 dB was reported with 2.5 Gbps bit rate [25] .
For the heater integrated VCL, the gain electrode provides both gain and intensity modulation for the whole laser. Consequently, the output optical power at zero level can be rather low with appropriate modulation current. Therefore, a larger extinction ratio can be obtained. A 7-bit pseudorandom sequence (PRBS7) of 2.5 Gbps bit rate from a pattern generator is supplied with DC bias to the gain electrode through a driving circuit board. The modulation current is 30 mA∼35 mA for different channels, corresponding to modulation voltage of 170∼200 mV from peak to peak. The laser is modulated while the eye diagrams and optical spectra are simultaneously measured at each wavelength channel. The eye diagrams of channels 1, 5, 9, 13, 17, 21 are given in Fig. 7(a)-(f) , which are measured with a 2.5 Gbps filter. The extinction ratios are at least 6.6 dB, with the signal/noise ratio (SNR) over 12. Besides, all the channels exhibit good wavelength stability under direct modulation, and the dynamic SMSR of each channel remains higher than 33 dB. Fig. 7(g)-(l) shows the corresponding eye diagrams after 25 km transmission of standard single-mode fiber (SMF). Little degradation is observed.
In the signal transmission experiment, we collected the bit error rate (BER) data of three channels under different received powers in both situations of back to back and 25 km fiber transmission. Fig. 8 shows the results of channel 1548.5 nm, 1561 nm, and 1568.1 nm, respectively. The power penalty for each channel is less than 0.3 dB, which demonstrates the great potential for the heater integrated VCL to be used in fiber access networks.
The 5 Gbps eye diagrams of back to back and over 10 km SMF are shown in Fig. 9 (a) and (d), with extinction ratios of 6.1 dB and 6.6 dB, respectively. With clearly open eyes, this signal can be transmitted over 25 km SMF with a BER down to 10 −12 . Fig. 9(b) and (e) show the eye diagrams under direct modulation of 8.5 Gbps, which, though not as clear and widely open, still manage to be transmitted over 10 km SMF with a BER of 10 −12 . The extinction ratios are 5.0 dB for back-to-back eye diagram and 5.5 dB after 10 km SMF transmission. As shown in Fig. 9 (c) and (f), under 10 Gbps modulation rate, the eye is still open after 10 km SMF transmission, with a measured BER of 10 −7 . The 10 Gbps extinction ratio is 3.6 dB after 10 km transmission. The degraded performance is due to the fact that the required bandwidth of 7.1 GHz for the non-return-to-zero (NRZ) coding has exceeded the 3 dB bandwidth, as shown in Fig. 6. 
Conclusion
We have designed and fabricated a compact V-cavity tunable semiconductor laser integrated with thin film heaters. By adjusting current on just one heater, thermal tuning of 32 consecutive channels with channel spacing of 0.85 nm can be achieved. The SMSR is mostly above 35 dB and can be as high as 41 dB. The wavelength tuning range of the fixed TEC temperature can be further expanded to 43 nm by combining four bands of single-electrode tuning with different bias currents on the gain electrode and short-cavity heater. The wavelength tuning power efficiency is 0.13 nm/mW, which is much higher than that of the current injection tuning. With the packaged TOSA, the 2.5 Gbps direct modulation experiment demonstrates extinction ratios higher than 6.6 dB and dynamic SMSRs higher than 33 dB. The power penalty over 25 km fiber is less than 0.3 dB. BER as low as 10 −12 is obtained for direct modulation of 5 Gbps after 25 km SMF transmission and 8.5 Gbps after 10 km SMF transmission. With the advantages of compactness, high tuning efficiency and excellent dynamic performance, the VCL can be used as a low-cost tunable laser source for applications such as WDM access and interconnection.
